Abstract-Noninvasive measurement of tissue viscoelastic properties is gaining more attention for screening and diagnostic purposes. Recently, measuring dynamic response of tissue under a constant force has been studied for estimation of tissue viscoelastic properties in terms of retardation times. The essential part of such a test is an instrument that is capable of creating a controlled axial force and is suitable for clinical applications. Such a device should be lightweight, portable, and easy to use for patient studies to capture tissue dynamics under external stress. In this paper, we present the design of an automated compression device for studying the creep response of materials with tissue-like behaviors. The device can be used to apply a ramp-andhold force excitation for a predetermined duration of time and it houses an ultrasound probe for monitoring the creep response of the underlying tissue. To validate the performance of the device, several creep tests were performed on tissue-mimicking phantoms, and the results were compared against those from a commercial mechanical testing instrument. Using a second-order Kelvin-Voigt model and surface measurement of the forces and displacements, retardation times T 1 and T 2 were estimated from each test. These tests showed strong agreement between our automated compression device and the commercial mechanical testing system, with an average relative error of 2.9% and 12.4%, for T 1 and T 2 , respectively. Also, we present the application of compression device to measure local retardation times for four different phantoms with different size and stiffness.
I. INTRODUCTION
M ECHANICAL properties of a medium can be assessed by different mechanical testing methods. These methods cover a large range of conventional mechanical testing techniques like indentation [1] - [3] , shear rheology [5] , compression testing [6] , uniaxial tensile testing [7] , magnetic force methods [8] , and bulge tests [9] . Elastography is a modality for evaluating the stiffness in tissue. This method can provide an insight about the local mechanical properties of the medium when it is combined with other imaging modalities like ultrasound [10] , [11] or magnetic resonance imaging (MRI) [12] .
Based on the excitation source, elastography techniques can be divided in two main subgroups: dynamic elastography which is based on dynamic force stimulus [11] , [13] - [15] and quasistatic strain elastography in which a compressive force is applied [10] . Both the dynamic and quasi-static elastography techniques have been implemented on ultrasound imaging systems. Shear wave elastography is a dynamic elastography method in which the elasticity is estimated based on the shear wave induced by an excitation. The excitation may be from an external source [16] , or an internal source, such as acoustic radiation force. Several techniques have been developed based on the acoustic radiation force, including supersonic shear imaging (SSI) methods [13] , acoustic radiation force impulse (ARFI) [14] , and shear wave dispersion ultrasonic vibrometry (SDUV) [17] . These shear wave elastography methods have been applied to conduct in vivo studies in liver [18] , [19] , thyroid [22] , [23] , prostate [24] , and breast [20] , [21] , [25] . Among these shear wave elastography methods, SSI, SDUV, and ARFI have been used to quantify the viscoelastic properties of the soft tissue [17] , [25] , [26] .
In strain elastography, the strain map is created by compressing the tissue and recording the pre-and postcompression displacement profiles [10] , [27] . The strain is lower in a stiffer material than in a softer material. Because it is not possible to measure a local distribution of stress, one cannot measure the quantitative values of stiffness or the Young's modulus in this method [10] , [27] . Therefore, relative changes in the strain within the image have been used to detect various anomalies in different organs like breast [28] - [30] , prostate [31] , and thyroid [32] .
Creep test is a dynamic viscoelasticity imaging [33] , in which a step force is applied on the object for a relatively long time, and the strain behavior of the tissue is recorded during the impression period.
It is common to use a rheological model to evaluate the viscoelastic response of the medium. These models are used to show the relationship between the stress and strain that models the viscoelastic response of tissue and its structure. The standard rheological models, like Maxwell [33] , Kelvin-Voigt model [33] - [36] , and standard linear solid models [33] , are the most applicable ones. Sloninsky [37] described a model called fractional derivative to model the behavior of biological tissue with lower number of fit parameters [38] .
Viscoelastic mechanical properties have been linked to pathology of soft tissue [39] - [41] . An explanation for this is the alteration of the extracellular matrix in diseased tissues, which can manifest as changes in tissue mechanical properties [42] , [43] . It has been shown that the mechanical behavior of the collagen has the main role in viscoelastic response not only in hydrogel phantoms [15] , [42] but also in tissues, such as lung [44] , liver [45] , prostate [46] , skin [47] , uterus [48] , and breast [49] . Qiu et al. [50] showed that it is possible to differentiate between the nonpalpable malignant and benign tumor in patients based on their viscoelastic creep response.
Shear wave elastography and creep test method measure the mechanical properties of tissue at different time and frequency scales, which may affect their outcome. Shear wave elastography measures the elasticity at high-frequency range in the order of hundreds of Hertz and during a short time period. The creep test, on the other hand, measures the viscoelasticity of tissue over a long time period, in the order of seconds, which corresponds to the frequency range of less than a Hertz [51] .
Employing the creep test in different imaging modalities like ultrasound [49] , [50] , MRI [52] , [53] to evaluate the viscoelastic properties of the medium has been proposed by a number of investigators. For this purpose, compression devices have been designed for such imaging modalities [42] , [52] . Other investigators [53] - [60] have proposed various compression devices for elasticity imaging, where such devices are mainly designed for testing tissue at its rest position after the compression. Tissue compression has also been investigated in the context of poroelasticity [61] - [64] . However, these studies aimed at measuring stress relaxation response of the medium.
Hand-held compression method has been discussed in [49] and [50] for in vivo creep test employing ultrasound imaging. However, manual compression is usually accompanied with the noise due to hand jitter, which may reduce the reproducibility and repeatability of this method [49] .
In this paper, we are interested in the viscoelastic response of the tissue, for which we need to study the temporal response of the tissue under a constant stress.
The goal of this study is to design and validate a fully automatic device with the ability to apply an approximate step force to excite the viscoelastic creep response in tissue while allowing in vivo ultrasound image acquisition during the transient response of the tissue. To validate the device, we will compare its performance with a standard mechanical testing device and measure the related error. The long-term goal of this study is to employ this device to conduct creep test on a group of breast patients. Previously, creep test studies of human breast have been conducted using manual compression [49] , [50] .
The remainder of this paper is organized as follows. In Section II, we provide an overview of the rheological techniques for modeling tissue deformations under creep-like tests and highlight the hardware requirements for performing such tests. In Section III, we explain the details of the compression device that is specifically designed to apply step-like stress on tissue. In Section IV, the function of this device is validated by comparing its results with those of a standard mechanical testing instrument [58] , using tissue-mimicking samples [42] , [42] , [49] , [65] , [66] . Section IV is devoted to integration of the compression device with a programmable ultrasound machine for viscoelasticity imaging based on ultrasound strain estimation. We discuss the results of the validation tests as well as viscoelasticity imaging in Section V. This paper concludes with a brief summary of the results and future applications of the device.
II. METHODS

A. Creep Response of the Material
Under an external stress, material deformation can be modeled using the constitutive equations from continuum mechanics. Simplified models such as the generalized Kelvin-Voigt model are shown to be suitable in the case of uniaxial constant stress on hydrogels and their creep responses are shown to be close to those of soft tissue [42] .
For each point inside the material, the strain-stress relationship is
where σ(t) is the stress applied at t = t 0 , D(t) is the creep compliance, and ε(t) is the resulting strain [33] , [49] . For generalized Kelvin-Voigt model with an added elastic term, the creep compliance may be expanded as
where E 0 represents the pure elastic part, η r and E r are the viscosity and elasticity coefficients, and T r = η r /E r is the rth retardation time [22] . In the creep test, the stress applied at t = t 0 can be modeled as
where u(t) is the Heaviside function and σ 0 is the constant stress.
Using (2) into (1) with applying the input stress as defined in (3), the general creep response can be written as
where ε 0 = σ 0 u(t − t 0 )/E 0 is the initial elastic response and ε r = σ 0 /E r is the amplitude of the contribution of the rth viscoelastic term. The number of exponential terms n depends on the complexity of the material and the observation time scale. For example, a second-order Kelvin-Voigt model was in [10] used to analyze only the creep response of tissue. In this study, we will use a second-order Kelvin-Voigt rheological model to model the Fig. 1 . Automated compression device. The device consists of an actuator, driven by servomotor, which moves an ultrasound probe rapidly into the material or tissue to be measured until a preset force level on the probe face is reached. The actuator control system uses small force sensors embedded in the back plate, attached to and surrounding the probe face to adjust the probe position as necessary to maintain the preset force level constant for a predetermined period of time. When the creep response measurement is complete, the actuator automatically retracts the probe.
creep response as
(5) Equation (5) models the response in terms of two retardation times T 1 and T 2 and the corresponding amplitudes ε 1 and ε 2 , respectively, without considering the initial elastic term.
In practice, it is not possible to apply a step force and study its response. It is, however, possible to approximate the step force with a ramp-and-hold force, where the speed of the ramp is adjusted to suit the response of the material under test. The ramp speed should be chosen fast enough such that the initial elastic response of the material can be easily separated from the slow creep response [67] .
B. System Design
In almost all commercial mechanical testing machines, the theoretical step stress required for the creep test is replaced by a highly controlled ramp function. However, the speed of such ramp stress should be high enough to be able to capture the shortest retardation times of the material under the test. The aim of this study is to design a compression device that is able to create such ramp forces with the additional feature of housing an ultrasound probe for continuous strain imaging during the test.
A schematic of the device is shown in Fig. 1 . This device is equipped with an ultrasound probe which can record the local deformation of tissue under stress. This device consists of a lightweight miniature linear actuator (MR20LS with 2-mm lead screw, PBC Linear, Roscoe, IL, USA), driven by a brushless DC (BLDC) servomotor (RP17M BLDC servomotor with encoder, Electrocraft, Dover, NH, USA) which moves a commercial ultrasound probe together with a back and pressure plate rapidly onto the material or tissue until a preset force level on the pressure plate is reached. The encoder associated with the motor measures the displacement of the pressure plate. The actuator control system uses four small load sensors (FSS015, 15 Newton range, Honeywell, Bloomington, MN, USA), embedded in a back plate, to measure the applied force. The control system maintains the preset force level constant for a predetermined period of time, typically about 10-100 s. When the creep response measurement is complete, the actuator automatically retracts the probe.
The back plate is custom fit to the probe using a liquid castable plastic material (SmoothCast 300, Smooth-on, Inc., Easton, PA, USA). The four small load sensors are sandwiched between the back plate and the pressure plate. Fig. 2 shows the position of the load sensors at the four corners of the back plate. Thus, as the motor is applying the compression on an object, the resulting resisting force from the object is transferred to the load sensors by the pressure plate.
There is a rectangular hole (acoustic window) at the center of the pressure plate. The probe face is placed such that the ultrasound can pass through this acoustic window. The outside surface of this hole (the side that is toward the object) is covered by a thin, acoustically transparent, membrane. There is a small gap between the probe surface and the thin membrane, where this gap is filled with acoustic gel (almost a liquid). When the pressure plate is pressed against the object, the gel-filled gap prevents the transfer of stress onto the probe surface (although a small amount of gel may be pushed out of the gap due to slight bulging of the membrane). That is, the pressure will not act on the probe surface. Therefore, the forces measured by the four sensors are the cumulative force acting on the pressure plate and the attached membrane. The overall dimensions of the device is 31 cm × 7 cm × 5.5 cm (length × width × depth).
Since the ultimate application of this compression device is in breast patients, the optimal range of the applied force would be less than 20 s. The device is attached to a platform, which is held by an articulated arm. This way there is no need manual handling of the compression device, thus avoiding possible hand motions.
III. EXPERIMENTAL STUDIES: VALIDATION OF THE AUTOMATED COMPRESSION DEVICE
A. Force Measurement
In order to validate the compression device for performing material creep test, we used a standard mechanical testing instrument (Bose ElectroForce, Eden Prairie, MN, USA) [48] to apply force and record the resulting displacement and repeated the same procedure with automated compression device, then compared the results. We used a forcing function in the form of ramp and hold with 3-N final force and 18-N/s ramp rate (ramp duration of 1/6 s). We experimentally determined that 18-N/s ramp is the maximum ramp speed that we can use without any ringing effects for the gelatin phantoms used in our experiments. Fig. 3 shows the simplified schematic of the Bose mechanical testing instrument.
Creep tests were performed on a homogenous tissuemimicking phantom. To construct the phantom 13.7-g gelatin (Sigma-Aldrich, St. Louis, MO, USA), 60-mL Vanicream Lite (Pharmaceutical Specialties, Inc., Rochester, MN, USA), 0.3 g of agar (A5306, Sigma-Aldrich), 3-g cellulose (Sigma-Aldrich) for ultrasound scattering, and 3-g potassium sorbate (SigmaAldrich) as a preservative were dissolved in enough water to make the total solution volume equal 300 mL. The phantom was made at room temperature and kept one day before using it for experiment. The phantom dimensions were 4 × 6 × 2 cm (length × width × height). The recipe used for our phantom is close to the one used in previous studies [65] , [66] for making a viscoelastic phantom.
We tested the same phantom with our compression device and with the Bose system at identical force and ramp functions. The surface displacement data resulting from the Bose system and the compression device outputs were recorded for 85 s.
It should be noted that phantom dimensions are smaller than the pressure plate of the compression device and also smaller than the plate of the Bose instrument; therefore, the compression is applied similarly on the entire top surface of the phantom in both cases. In either system, the bottom surface of the phantom rests on a platform, where free slip boundary condition is assumed. This allows for minimal boundary condition effects, and, thus, the results would be comparable for both devices. Fig. 4 illustrates the load (force sensor output) from our compression device and the Bose instrument at force level of 3 N with 18-N/s ramp speed. Fig. 4(a) shows the entire force signal. Fig. 4(b) displays only the initial 10 s for better visualization. Both devices reach their final force values in a fraction of second.
B. Displacement Measurement and Retardation Time Estimation
To validate the compression device performance, we measured the retardation times of a test phantom by the both compression device and the Bose instrument, and the outcomes were compared. For this purpose, we measured the surface displacement of the phantom.
Because the applied force is not a pure step function, the initial part of the response is a complicated mixture of the elastic and viscoelastic responses to the ramp excitation. However, after the force reaches its final value, it is safe to assume that the time varying part of the strain profile is only due to viscoelastic response. For this reason, the initial 1 s part of the response is excluded from the strain data analysis and the model is reduced to a second-order Kelvin-Voigt model (5) [62] , [68] . 5 illustrates the surface displacement profile resulted from the Bose instrument and our compression device before and after fitting a curve according to (5) . A nonlinear least squares optimization method was used to find the closest fit to measure the two retardation times T 1 and T 2 .
C. Model Fitting Evaluation
In order to evaluate the suitability of the Kelvin-Voigt model for observed slow creep deformations, as shown in (5), it is necessary to quantify the amount of deviation from this model. The measured strain at a discrete time point t n , n = 1, 2, . . . , N can be modeled aŝ
where d (t n ) is the measured strain and d f (t n ) represents the fitted viscoelastic compliance curve based on the selected model. e(t n ) represents the residual error A normalized error can then be introduced as expressed in (7), where Q quantifies the goodness of the fit in terms of the power of residual error e(t n ) relative to the power of the total measured strain
Such error measure has the advantage that model deviation can be quantified regardless of the total strain value.
Applying (7) on the displacement data in Fig. 5 results in Q = 0.52% error for the Bose instrument response and Q = 0.86% for the compression device response.
To test measurement reproducibility, we repeated these experiments five times on the same phantom using the same force 3 N and ramp speed 18 N/s. Table I shows the resulting T 1 and T 2 values for these measurements.
In order to compare the results of the two devices, a relative error for each parameter is defined as follows:
In this equation, (T D ) is the retardation time, T 1 or T 2 measured by the compression device and (T B ) is corresponding values measured by the Bose machine, which is regarded as the gold standard. Based on the average results of five trials, the error percentage E(%) for T 1 and T 2 were -2.9% and −12.4%, respectively. These results indicate a strong agreement between the creep device and Bose instrument. We used t-test to compare the results of the compression device and the BOSE machine. The t-test showed a p-value of 0.4 which proves that there is no significance difference between two devices.
We did not repeat the test on phantoms more than ten times, five times for BOSE machine and five times for compression device, because there was a risk of damaging the phantom.
D. Retardation Time Imaging
In this section, we present the application of the compression device combined with ultrasound strain imaging for viscoelasticity evaluation of a medium. The first step in retardation time imaging is acquiring sequential IQ data of the phantom that is being compressed by the compression device. Next, these data are used to calculate the strain at every pixel. Then, the retardation time at each pixel is estimated to produce an image depicting the retardation time distribution across the phantom. Fig. 6 shows the block diagram of the ultrasound probe pressure plate and the location of the phantom The phantom used for this experiment is the same one that was used in Section III-A. We used the compression device to apply a 3-N force with 18-N/s ramp. An ultrasound system (Verasonics, Inc., Kirkland, WA, USA) with a linear array transducer (L11-4v, Verasonics, Inc., Kirkland, WA, USA) was used to monitor the phantom response. For this purpose, we used plane-wave mode [69] to acquire a series of RF data of the phantom during the compression. Fig. 7 shows the first B-mode image from the acquisition sequence. In this experiment, the ultrasound center frequency was 6.43 MHz and the frame rate was 20 Hz during the acquisition time of 85 s; thus, 1700 frames were acquired.
E. Displacement and Strain Calculation
A 2-D autocorrelation method was used to calculate the particle velocity from adjacent frames and then the displacements were estimated by integrating the particle velocity in time [70] .
After calculating the displacement for all consecutive IQ data, the corresponding strain values were computed based on the gradient of the displacement. An axial 20 λ window was defined to measure the strain followed by a moving average filter with 1.2 × 1.2 mm size. The total strain map and the strain profiles are shown in Fig. 8 . Fig. 8(a) shows the spatial distribution of the total strain. Fig. 8(b) depicts the strain profiles for the locations specified in (a). The strain profiles with standard deviation related to points 1 and 5 specified in (a) are shown Fig. 8(c) . Then, all of the strain curves were normalized and shown in Fig. 8(d) . Also, included in this figure is the normalized surface displacement, which can be regarded as the overall strain behavior. As it can be seen, the normalized strain profiles from different points show similar dynamics. It is also observed that the dynamic behaviors of these points closely match that of the normalized surface displacement even though the total strain values are different. The spatial variations of the strain, as seen in Fig. 8(a) and (b) , are related to the geometry and the boundary conditions of the medium, a phenomenon that has been discussed in many studies [71] - [74] .
F. Two-Dimensional Visualization of Retardation Time Maps
So far, we have shown how the compression device can be used to measure the retardation time of the material based on surface displacement. Fig. 5 and Table I show the results of overall retardation time measurements.
Here, we apply the same process on the strain profile of each point within the phantom (see Fig. 8 ) to calculate the retardation times T 1 and T 2 maps. Fig. 9 shows the resulting T 1 and T 2 maps. The average values for these two maps in this figure are 3.4 and 33.6 s for T 1 and T 2 , respectively. The related strain for T 1 part 1 is around 2% and for T 2 part 2 is around 3% . It is also noted that compared to the strain map in Fig. 8(a) , the retardation time maps in Fig. 9 show a relatively uniform distribution with only few scattered variations. Fig. 10 shows the fit error estimation map of the second-order Kelvin-Voigt model (5). This map was made using (7) . As it can be seen, the error is mostly less than 2%, which confirms the suitability of the second-order Kelvin-Voigt model as well as the overall strain tracking performance.
To explore the reproducibility of the results, this experiment was repeated five times on the same phantom with the same force 3 N and the ramp speed of 18 N/s. There was a 5-minute resting time between each trial and the sample was not removed or repositioned for these five trials. No sign of damage was observed in phantom while performing the test. 
G. Inclusion Phantom
To demonstrate the performance of the device on media with different sizes and stiffness values, we built two uniform cubic phantoms: A (softer) and B (stiffer). We created a third inclusion phantom in which the background material was similar to the phantom A, and contained a cylindrical inclusion that was made from the same material as the one used in phantom B.
The dimensions of the uniform phantoms A and B are 7.5 cm × 5.5 cm × 2 cm (L × W × H). The inclusion phantom dimensions are 7.5 cm × 5.5 cm × 5.5 cm (L × W × H), with the cylindrical inclusion having a 1.5 cm diameter.
To make phantom A(softer), we used 32.3-g gelatin (SigmaAldrich, St. Louis, MO, USA), 30-ml Vanicream Lite (Pharmaceutical Specialties, Inc., Rochester, MN, USA), 6-g cellulose (Sigma-Aldrich) for ultrasound scattering, and 6-g potassium sorbate (Sigma-Aldrich) as a preservative, dissolved in enough distilled water to make the total solution volume equal 600 ml. Phantom B (stiffer) was made of 25.14 g of gelatin (SigmaAldrich; St. Louis, MO, USA); 60-ml propylene glycol (SigmaAldrich, St. Louis, MO); and 4-g cellulose (Sigma-Aldrich) for ultrasound scattering, dissolved in enough distilled water to make the total solution volume equal 300 ml.
First, the uniform phantom A and the background part of the inclusion phantom were made and then the day after phantom B and inclusion part of inclusion phantom were made. The phantoms were kept at room temperature for a day before using them in the experiments.
To measure the dynamic response of the medium, we used the compression device to apply 8-N force with 16-N/s ramp on each of the phantoms. The ultrasound frame rate was 20 Hz during the acquisition time of 20 s. Thus, 400 frames were acquired for each experiment. Initial 2 s of data were removed.
In order to reduce memory needs and processing time for the inclusion phantom experiment, we processed approximately 3 cm of B-mode images in the axial and lateral direction, and for the uniform cubic phantoms, we processed only 1.5 cm of B-mode images in the axial direction. All of these experiments were done at room temperature.
The B-mode image of the stiff phantom B is shown in Fig. 11(a) . The strain profiles of four points specified in Fig. 11(a) is demonstrated in Fig. 11(b) . These strain profiles are normalized and shown in part (c) of this figure, which shows the material has essentially the same behavior at these points. In Fig. 11(d) , the strain profiles of point 1 and point 2 accompanied with standard deviation are shown.
As explained in the previous section, acquiring the strain profile can be used to measure the retardation time T 1 for each strain profile.
As it was shown in the previous part of this paper, the T 2 value for gelatin phantom is more than 30 s. Since, for this part, we recorded only 20 s of data, therefore a single exponential, (9) , is used to fit to the strain profiles at each spatial location to construct the T 1 value map In Fig. 12(b) , the measured T 1 value is 7.3 ± 0.5 s, while the fitting error map for this area is less than 2% as shown in Fig. 12(c) .The same procedure was done for phantom A and the inclusion phantom. Fig. 13 shows the resulting maps. The T 1 value measured for phantom A shown in Fig. 13(b 
We tested the performance of the compression device also on the inclusion phantom with different size and structure, nonuniform phantom, comparing to previous phantoms. To construct the T 1 map of inclusion phantom, (9) was used in the similar way that was used for both uniform phantoms A and B. The B-mode image of the inclusion phantom and the strain profile of several specific points in this figure are illustrated in Fig. 14 . Fig. 15 shows the strain, T 1 map, and the fitting error map for the inclusion phantom. The maps in this figure show the outcome of the creep response after removing the initial 2 s of data.
The fitting error shown in Fig. 15(c) is less than 4% for this inclusion phantom.
As it was explained, the calculated T 1 value for uniform phantom B or stiffer one was 7.3 ± 0.5 s and for the inclusion part of the inclusion phantom was 7.1 ± 0.8 s. In the same way for uniform phantom A or softer one, the calculated T 1 value is 6.2 ± 0.4 s and for the background part of the inclusion phantom was 5.9 ± 0.3 s.
The relative error of phantom B, stiffer uniform phantom, and inclusion part of inclusion phantom is 2.7% and for its background and soft uniform phantom, phantom A, 4%.
IV. DISCUSSION
The goal of designing the automated compression device was to apply a prescribed amount of force for a predetermined time on a phantom or tissue to study its creep response during a period of time. A potential future application is to use this device for imaging the viscoelasticity of breast tissue or other organs in a group of patients. One of the important elements in this device is the combination of back plate that includes four sensors, located symmetrically at four corners of this plate, and pressure plate that is in contact with the other side of the sensors. Outputs of these sensors are summed, thus these sensors collectively measure the total applied force that is applied to the object by the pressure plate. Therefore, even in cases where the compression plate is not able to make complete contact with the surface of the object, for example, when the object's surface is not completely flat, the sensors can still measure the total force applied to the contact surface. This feature also increases the flexibility of the device application on tissues with curved surface like breast because in such cases, the pressure may not be evenly distributed. The device ability to measure the surface displacement is another important feature. The surface displacement profile helps to validate this compression device when comparing to a standard mechanical testing machine. To validate the compression device, the Bose instrument was used for comparison.
Gelatin is an appropriate model to study the viscoelastic properties of the breast tissue because of its similarity to breast stroma [10] . In both cases, the mechanical properties are established by a high molecular weight, type I collagen matrix that is saturated in water [10] . In this paper, we used three different phantoms and one with inclusion. All phantoms are based on gelatin.
The results showed strong agreements between the two devices, the automated compression device and the Bose system, with an average relative error of 2.9% and 12.4%, for T 1 and T 2 , respectively, based on the surface displacement measured by these two devices. It is understood that, in general, the strain on the surface and inside the phantom are not necessarily the same. However, our investigation to measure retardation times for each point inside the same phantom by ultrasound reveal a good agreement between the surface and internal computed retardation time constants, where the error was less than 15%.
We also showed that the measured retardation times T 1 and T 2 across a uniform phantom resulted in 2-D maps, as shown in Fig. 9 . These results suggest that T 1 and T 2 maps are less sensitive to the geometry and boundary condition variations than the strain map (see Fig. 8(a) ). There are some large regional variation in T 1 and T 2 maps. However, the area of these regions is small compared to the total area of the image. This can be verified by calculating the mean and standard deviation of the maps, which are 3.4 ± 0.13 s for T 1 map and 33.6 ± 1.25 s for T 2 map.
Appropriateness of a second-order Kelvin-Voigt model was tested. Fig. 10 showed that the fitting error was less than 2% in most of the region across the phantom. Repeatability tests also showed that the retardation times could be measured with small variations in measurement results.
For the repeatability check, the creep test was repeated five times on the phantom. The resulting relative errors for T 1 and T 2 are 2.9% and 12.4%, respectively, showing a reasonable repeatability of the test.
To test the performance of the device for different media with different stiffness and sizes, we used three different gelatin phantoms. The error fit for all the cases was less than 5%. The relative error related to T 1 values for the part made with same material but in different shapes was small, i.e., less than 5%.
In the first uniform phantom study, the data were recorded for 85 s. Thus, it was possible to use a double exponential to calculate the T 2 value, which is usually more than 30 s for that phantom. In medical applications, and especially for the breast (which is the future goal of this study), however, the recording time is often limited to the time the patient can hold her breath, which is usually less than 20 s. Keeping this in mind, we limited the recording time to 20 s in the latter part of this paper. In these experiments, it was not necessary to use a double exponential due to the shorter recording time, thus a single exponential was applied. In both cases, the error fit is less than 5%.
A potential source for different appearances of the retardation time map in Figs. 12 and 13 compared to that in Fig. 9 is that we used different recipes for the phantoms used in those two sets of experiments. Another potential source could be damage to the phantoms due to multiple compressions applied to the phantoms during the experiments. Similar experimental variables could be responsible for the different appearances of the strain profiles in Figs. 8 and 14 . These variations are some of the issues that we plan to explore in more details in our future studies.
It should be noted that all of the processing have been done offline and the total computation time was less than 3 min.
One of the limitations of the compression device, and generally this method, is restrictions in accessing internal organs for measuring the creep response. Due to that limitation, organs with easy access, such as the breast, thyroid, and possibly prostate, are the best candidates for this method. Another limitation of this method is in the way the data are recorded. Although particle displacement measurement by ultrasound is very accurate, it only measures the axial displacement. Displacement measurement in other dimensions is not as accurate with the conventional ultrasound imaging.
As we mentioned before, creep test has been done on a small group of patients with nonpalpable breast masses to differentiate between the benign and malignant masses [50] . However, that study was performed with manual compression of the probe onto the breast. The present compression device provides a means for conducting the creep test in a more objective way with improved control of the applied compression compared to manual compression.
The creep test method described in this paper is particularly suitable for evaluation of breast masses. Elastography methods that are currently used in clinics for breast evaluation are primarily designed to measure the stiffness of breast masses. The creep test method described here provides information on viscosity as well as elasticity. The additional information would improve differentiation of mass pathology, and, thus, may have a significant impact on breast cancer diagnosis.
Future work will include using the automated compression device described here to measure the retardation time in human (e.g., in breast) for diagnostic purposes.
V. CONCLUSION
In this paper, we described the design of a device for applying an approximate step force on a tissue-mimicking phantom and measuring the creep response using an ultrasound probe. Retardation time was calculated by fitting a second-order KelvinVoigt model to the displacement and strain profiles obtained from the device. The performance of the device was validated through a series of creep tests on a phantom and comparing the resulting retardation times with those from a standard mechanical testing instrument. Beside that its performance was also checked on phantoms with different size and stiffness by applying the first-order Kelvin-Voigt model. The overall results of this study justify the suitability of this device for performing creep tests on tissue-like materials.
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